In this study, four novel 1,3,4-thiadiazole compounds, derived from α-methyl cinnamic acid, were synthesised. The structural elucidation was carried out using UV-Vis, 
Introduction
Heterocyclic compounds have great importance in many fields such as organic, pharmaceutical and biochemistry. One of the most important compounds in this field, i.e., 1,3,4-thiadiazole derivatives, are five-membered heterocyclic compounds containing one sulfur and two nitrogen atoms [1] . These derivatives are used in a wide variety of fields such as the pharmaceutical industry, materials science and organic synthesis [2] . Recently, a great variety of 1,3,4-thiadiazoles, to which aromatic moieties with different substituents are attached, have been intensively investigated. In the analytical, biological and pharmaceutical fields, these derivatives are the most interesting isomeric form of the thiadiazole compounds [3, 4] . The N=C-S moiety in the thiadiazole ring results in numerous biological and pharmaceutical activities such as anti-glaucoma, anti-inflammatory, anti-tumour, anti-ulcer, anti-bacterial, anti-viral, analgesic, anti-epileptic, anti-fungal and radio-protective properties. Furthermore, the aromaticity of the thiadiazoles contributes to a decreased toxicity and an improved durability in the living organism [5] . Many methods have been described for the synthesis of 1,3,4-thiadiazole compounds, where the most common starting materials are as follows: thiosemicarbazites, thiocarbazides, dithiocarbazates, thioacylhydrazines, acylhydrazines and bitolyure derivatives [6] [7] [8] [9] [10] [11] [12] [13] [14] . Furthermore, some of the properties of thiadiazole and its derivatives have been successfully studied using quantum mechanical calculations [15] [16] [17] [18] [19] [20] . In this study, four new 1,3,4-thiadiazole compounds were synthesised and the structures of the compounds were elucidated using a variety of spectroscopic methods (FT-IR, 1 H NMR and UV-Vis). In addition to the synthesis and structural elucidation, the UV, IR and NMR spectra and the frontier molecular orbitals (FMO) characteristics of the compounds were theoretically examined to support the experimental studies. Particularly, the molecular and electronic properties as well as the UV-Vis absorption domains, IR vibration frequencies and NMR peak values were theoretically calculated and analysed.
Methods

Synthesis 5-(1-Methyl-2-phenylethenyl)-N-[2',4'-dichlorophenyl]-1,3,4-thiadiazol-2-amine (I)
The general method for the synthesis of the 1,3,4-thiadiazole derivatives was as follows. α-Methyl cinnamic acid (n mol) and the corresponding N-substittutedphenylthiosemicarbazide derivatives (n mol) were placed into a refrigerator, and then phosphorous oxychloride (3n mol) was added drop-wise to the cold mixture while stirring and the reflux was continued for two hours. Once the reaction was complete, the reaction flask was cooled to the room temperature and the crude product was added to ice-cold water while stirring. This mixture was neutralised with an ammonia solution. The precipitated product was filtrated, washed with water and crystallised using different solvents such as ethanol and tetrahydrofuran (THF). The spectral data of the compounds are summarised in Tables 1-4 
Results and Discussion
FT-IR Spectroscopy
The IR absorption data of the obtained compounds (I-IV) are presented in Table 1 . The structural characterisation was performed based on the IR absorptions of the -NH, -C-H (aromatic and aliphatic), -C=N (thiadiazole ring), -C=C-and C-S-C functional groups. It has been reported that the secondary amine group (-NH-) has a stretching and a bending vibration at 3350-3310 and 1580-1490 cm −1 , respectively. In addition, the stretching vibrations of C=N, aromatic C-H, aliphatic C-H and aromatic C=C are respectively reported in the following ranges: 1689-1471, 3100-3000, 3000-2840 and 1650-1450 cm −1 . Moreover, the peaks belonging to the conjugated C=C and C-S-C are found at around 1645 and 700 cm −1 [1, 2] .
For the compounds I-IV, the vibrations of the N-H stretching, N-H bending, aromatic C-H stretching, aliphatic C-H stretching, -C=N stretching (thiadiazole ring), C-S-C and C=C were determined at 3285. Further proof of the conversion of α-methylcinnamic acid to the thiadiazole was the absence of the >C=O peak, which is usually strong and located from 1750 to 1700 cm −1 . The presence of the secondary amine, C=N and C-S-C peaks, and the lack of absorption of the carbonyl group proved that the desired final products were successfully synthesised. Table 1 . Absorption data of compounds I-IV in the FT-IR region. Table 2 . The synthesised compounds possess aromatic, aliphatic, alkenic and secondary amine protons. The determination of these 1 H-NMR signals is important for the structural elucidation of the synthesised compounds. The aromatic protons were observed between 7.23 and 8.27 ppm. The protons of the -CH 3 group bound to the alkene were located from 2.27 to 2.57 ppm (singlets). The protons of the aliphatic-CH 2 and-CH 2 -CH 2 -groups in compounds III and IV were around 4.58 (s, 2H-CH 2 -), 2.95 (t, 2H -CH 2 -) and 3.69 (t, 2H -CH 2 -). The secondary amine protons were between 8.40 and 11.28 but the amine peak was not observed in III. The ethylenic proton shifted to the aromatic region due to the conjugation with the two aromatic rings and it was located in the range of 6.96-7.22 ppm. Table 2. 1 H-NMR data of compounds I-IV (δ, ppm, DMSO-d 6 ). 3.3.
13
C-NMR Spectroscopy The 13 C-NMR data of I-IV are given in Table 3 . There were two types of aromatic C atoms in the compounds, the ones of the benzene ring and those of the thiadiazole. The electronegative N atom affected the C11 atom (adjacent to the secondary amine). Thus, it was downfield shifted and its signal was located between 163.77 and 169.01 ppm. Likewise, C10 was observed at 159.56-162.90 ppm. The phenyl carbons (C12-C17) adjacent to the secondary amine resonated in the 117.54-146.67 ppm range and the signals of the C atoms of the phenyl rings (C1-C6), adjacent to the alkene double bond, were at 127.78-136.33 ppm. The C atom (CH 3 ) bound to the alkene structure was observed in the range of 15.64-16.13 ppm. The alkenic C7 and C8 atoms were respectively found in around 119.74-127.56 and 122.79-132.47 ppm. For compounds III and IV, the C18 atoms were observed at 50.68 ppm and 47.16 and 34.52 ppm, respectively. Table 3 . 13 C-NMR data of compounds I-IV (δ, ppm, DMSO-d6). 
UV-Vis Absorption
The UV-Visible absorption spectra of compounds I-IV were recorded in a 10 −5 M concentration, from 200 to 700 nm using chloroform as solvent. According to the results shown in Table 4 , the absorption spectra of all compounds I-IV was found single peak without shoulder between 266 nm and 368,5 nm except for Compound I. therefore, we can say that these compounds have only one tautomeric form in CHCl 3 .The substituted compounds of the phenyl ring (comp. I and II) showed more bathochromic shift than the unsubstituted compounds (comp. I and II). Also when we compared compound 4 (where n is 2 in the structure) with compound 3(where n is 1 in the structure), we saw that compound 4 showed hypsochromic shift. 
Theoretical Calculations
In this work, the Kohn-Sham density functional theory (DFT) method [21, 22] was used for the quantum chemical calculations of the compounds. For the molecular optimization process, carried out as the first step of the theoretical calculations, no restrictions were set on the geometry of the compounds. The popular semi-empirical Becke3-Perdew-Wang91 (B3PW91) and Becke3-Lee-Yang-Parr hybrid functional (B3LYP) methods with a cc-pvtz basis set were separately used for the molecular optimizations. For each geometry, the minimum was confirmed by frequency calculations with no imaginary frequency. Furthermore, the methods mentioned above were used to obtain the ground state energies, molecular conformations and the UV-Vis, IR and NMR spectra of the compounds.
The initial conformations for the optimization calculations, the most suitable dihedral angles and bond lengths, among others, were obtained by scan procedures. In this processes, each of the compounds was dihedral-scanned around the thiadiazole moiety with a step size of 36° and 60° for a total of 60 steps (Fig. 2) , using the B3LYP method with a 6-31 + g basis set to determine the minimum energy level configuration. The UV-Vis absorption wavelengths were calculated in the chloroform phase using the same method and basis sets for optimised ground state geometries. The effects of the solvent were included by considering it as a continuum characterised by a dielectric constant using the self-consistent field reaction method (SCRF). The conductorpolarisable continuum model was used for the geometry optimizations and excited state energy calculations of all molecules in solvent media, the solvent and solute interactions were considered. Similarly, the theoretical gauge-invariant atomic orbital method, which is the most reliable and widely used method to compute nuclear magnetic shielding tensors, was used to compute the NMR chemical shifts of the compounds using the DFT/B3LYP and B3PW91 functionals with the cc-pvtz basis set in a dimethylsulfoxide (DMSO) phase according to the experimental procedure.
Comparisons between the experimental and theoretical values of the NMR spectra were used for the analysis of the most stable conformations calculated for each compound. Additionally, IR spectral data were obtained using the cc-PVTZ basis set by the methods described above in gas phase.
The highest occupied (HOMO) molecular orbitals energies, lowest unoccupied (LUMO) molecular orbitals energies and frontier molecular orbitals (FMOs) were calculated using the same methods and basis sets. Also, the molecular electrostatic potential surfaces were obtained. The FMO energy eigenvalues were used to calculate the chemical hardness (η) and electronegativity (χ) of the compounds. All the calculations were performed using the GAUSSIAN 09 software [23] .
The Cl and NO 2 functional groups of compounds I and II directly affected the chemical hardness and electronegativity of the compounds. Since the electronegativity of oxygen is greater than that of chlorine, the electronegativity of the NO 2 substituted compound (II, 4.44 eV) is also greater than that of the Cl compound (I, 3.90 eV), using B3LYP/ccpvtz. The chemical stiffness of II is lower than that of I because the electronegativity of II is greater. Moreover, the electronegativity of the substituents affected the LUMO energies and reduced the value of ∆E, thus the chemical hardness inversely decreased with respect to electronegativity. In addition, there is a correlation between the electron affinity of the functional groups and the dipole moments of the compounds. As the molecular electron density of the electronegative substituents (Cl, N and O) increased, the compounds showed a larger electronic polarisability. This resulted in a larger dipole moment for the functional groups with higher electronegativity (3.8 D for II and 2.9 D for I). Compounds III and IV presented similar results. The positive CH 2 decreased the dipole moment of IV compared to III. In addition, both the chemical stiffness and electronegativity of compound IV were lower than those of III. The binding of the positive CH 2 to compound III affected the HOMO energy of this compound. An analogous effect of the electronegativity of the substituents was observed for compounds III and IV (Table 5 ). The vibrational harmonic frequencies of the compounds were calculated using the same level of theory and basis set than for the geometry optimization. The absence of imaginary frequencies assessed that the optimised structures were the minimum, in other words, the calculated optimizations corresponded to the minimum point of the intramolecular potential energy surface. The results of the theoretical IR calculations were consistent with the experimental data. Selected experimental and theoretical vibrational frequencies are reported in Table 6 . It is known that the Pearson correlation coefficient measures the linear dependence between two random variables. The correlation coefficients (R) of the mean values of the experimental and theoretical oscillation frequencies were 0.9941 and 0.9932 for B3LYP and B3PW91, respectively. These R-values showed the high correspondence between the experimental and theoretical data. Furthermore, as seen in Figure 3 , the linear regression analysis revealed the relationship between the experimental (x) and theoretical (y) results: ‫ݕ‬ = ‫ݔ531.1‬ − 186.5 and ‫ݕ‬ = ‫ݔ631.1‬ − 176.6 for B3LYP and B3PW91, respectively. Although the theoretical and experimental IR results were similar, the calculated N-H and aromatic and aliphatic =C-H bond vibrations were higher than the experimentally determined values because the theoretical calculations were performed for single molecules, i.e., the intarmolecular interactions were not considered. Table 6 . Theoretical and experimental IR vibrational frequencies of compounds I-IV (cm −1 ). The C-S-C and C-N oscillation frequencies were not significantly affected by the change in functional groups. The theoretical calculations showed that the C=C oscillations were the same for compounds I and II (1679 cm −1 ); i.e. NO 2 and Cl did not alter these oscillations. A similar case was observed for compounds III and IV. In addition, aliphatic C-H vibrations were calculated as 3128 cm −1 for all the compounds. Comparing compounds I and II, NO 2 , which has a high electronegativity, caused a bathochromic shift in the absorption wavelength of compound II. Furthermore, a single peak was observed in the experimental spectrum of compound II, but two peaks were obtained from the theoretical calculations (experimental: 368.5 nm, theoretical: 328.4 and 405.57 nm for B3PW91; 333.43 and 411.11 nm for B3LYP, Table 4 ). Experimentally, these peaks were likely superimposed and a single peak was observed; the mean of the theoretically obtained peaks was consistent with the experimental results. Also, there was an inverse relationship between the HOMO-LUMO energy gap (∆E) and the absorption wavelengths: the absorption wavelength of II, which was the longest, had the smallest ∆E and the absorption of the III, shorter wavelength, had the largest ∆E. The CH 2 substituent caused compound IV to have the lowest electronegativity thus the absorption was batochromically shifted. 
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The calculated hydrogen chemical shifts were compared to the experimental values, as shown in Table 7 . Experimental chemical shifts were obtained in DMSO. There is good agreement between the theoretical and experimental values, as seen in rson correlation coefficients of the NMR data mean values were R=0.7479 and R=0.7490 for B3LYP and B3PW91, respectively. Although there was a strong correlation between them, there was a slight difference for the experimental and (Figure 4) . The proton chemical shift was affected by hydrogen bond interactions, especially for hydrogens bound to an electronegative atom or groups of atoms, as observed for the δ N-H shifts.
Experimental results plotted against the theoretical calculations for calculations were in good agreement with the experimental results. The B3LYP calculations yield results lower than those of B3PW91 although there was a near relationship between the experimental results and the theoretical calculations. Comparative results for compound I are given in Figure 5 . . Experimental and calculated 13 C-NMR data for compound I.
The calculated carbon chemical shifts of compounds I-IV are shown in Table 8 . Pearson correlation R is between 0.9687 and 0.9983. In this case, both calculation methods were equally successful.
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The calculated hydrogen chemical shifts were compared to the experimental values, as shown in Table 7 . Experimental chemical shifts were obtained in DMSO. There is good agreement between the theoretical and experimental values, as seen in Figure 4 . The rson correlation coefficients of the NMR data mean values were R=0.7479 and R=0.7490 for B3LYP and B3PW91, respectively. Although there was a strong correlation between them, there was a slight difference for the experimental and . The proton chemical shift was affected by hydrogen bond interactions, especially for hydrogens bound to an shifts.
Experimental results plotted against the theoretical calculations for 1 H-NMR.
calculations were in good agreement with the experimental results. The B3LYP calculations yield results lower than those of B3PW91 although there was a near relationship between the experimental results and the theoretical B3PW91 NMR data for compound I.
IV are shown in Table 8 . The Pearson correlation R is between 0.9687 and 0.9983. In this case, both calculation 
Conclusion
In this study, four new substituted 1,3,4-thiadiazole compounds derived from α-methyl cinnamic acid were synthesised and their structures were characterised using FT-IR, 1 H-NMR and 13 C-NMR spectroscopy. The UV-Vis absorption properties were also studied. The spectroscopic data show that the expected compounds were obtained. The theoretical calculations and experimental results were in good agreement; the theoretical methods were particularly successful for the C-NMR and IR analyses. The solvents used for the UV experiments affected the absorption wavelength. Furthermore, the electronegativity of the substituents played a key role in the chemical and electronic properties, from chemical hardness to the energy band gap ∆E. From the different methods used for the calculations, B3LYP was the best choice both in terms of calculation time and accuracy.
